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Abstract We describe laser systems for
photoionization, Doppler cooling and quan-
tum state manipulation of beryllium ions.
For photoionization of neutral beryllium, we
have developed a continuous-wave 235 nm
source obtained by two stages of frequency
doubling from a diode laser at 940 nm.
The system delivers up to 400 mW at
470 nm and 28 mW at 235 nm. For control
of the beryllium ion, three laser wavelengths
at 313 nm are produced by sum-frequency
generation and second-harmonic generation
from four infrared fiber lasers. Up to 7.2 W
at 626 nm and 1.9 W at 313 nm are ob-
tained using two pump beams at 1051 and
1551 nm. Intensity fluctuations below 0.5 %
per hour (during 8 hours of operation) have
been measured at a 313 nm power of 1 W.
These systems are used to load beryllium
ions into a segmented ion trap.
1 Introduction
The hyperfine levels of singly-charged earth-
alkali ions have proven to be interesting as
qubit states due to lack of spontaneous de-
cay and the availability of transitions with
first-order insensitivity to fluctuations in the
ambient magnetic field [1, 2]. The energy
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spacing between such states typically lies in
the gigahertz regime. This allows for both
optical addressing via Raman transitions
and microwave addressing if the ion trap is
small enough that near-field effects can offer
strong magnetic field gradients [3, 4]. Beryl-
lium (9Be+ ) is an example of such a system,
and is currently being used by a number of
experimental groups [1, 5, 6, 7, 8, 9].
One of the major challenges of working with
beryllium is that the lowest-energy transi-
tions for excitation from the ground state
of both the ion and the atom require wave-
lengths in the ultraviolet (UV) region of
the spectrum, at 313 and 235 nm, respec-
tively (figure 1). As a result, most exper-
iments performed until now have required
frequency-doubled dye lasers for control of
the ion. Photoionization of neutral beryl-
lium has been previously performed us-
ing a frequency-doubled pulsed Titanium-
Sapphire laser [10]. These laser systems are
expensive and complex, motivating the use
of alternative approaches.
In this paper, we present a new setup for
generating continuous-wave (CW) 235 nm
light for photoionization of beryllium atoms
based on two stages of frequency doubling
of light from a diode laser. In addition, for
controlling beryllium ions we follow the ap-
proach demonstrated by Wilson et al. [11]
to generate three desired UV wavelengths
at 313 nm starting from four infrared (IR)
fiber-laser sources. The latter complements
recent developments using telecom lasers
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Fig. 1 Relevant level schemes in beryllium. Left:
two-photon ionization process by resonant exci-
tation from 1S0 to 1P1 in neutral 9Be. Right:
9Be+ energy levels addressed during trapping
and manipulation.
at 1565 nm [12] or diode lasers at 626 nm
[9], with the advantage that the powers we
achieve are far higher.
2 Laser source at 235 nm
Ionization of neutral beryllium atoms re-
quires an energy of 9.3 eV, corresponding
to a wavelength of 133 nm. Since this wave-
length lies in the vacuum UV, it is desir-
able to remove the electron using a two-
photon excitation scheme. The photoioniza-
tion cross-section is enhanced if the first
stage of excitation is performed on reso-
nance with an allowed transition in the neu-
tral atom [13, 14]. Furthermore, resonance-
enhanced photoionization is convenient in
that it is species (and isotope) selective. For
these reasons we choose to use two photons
at 235 nm, the first of which is resonant with
the 1S0 ↔1P1 transition of neutral beryl-
lium (figure 1, left). In what follows we de-
scribe our 235 nm laser source, obtained by
means of two stages of second-harmonic gen-
eration (SHG) starting from a commercial
Toptica 940 nm diode laser with a tapered
amplifier (TA).
2.1 First SHG stage: 940 to 470 nm
The first stage of frequency doubling con-
verts 940 into 470 nm light. A schematic of
the experimental setup is shown in figure 2.
The Toptica TA unit can deliver up to 1.4 W
at 940 nm. We first pass this light through
a single-mode (SM) fiber to clean up the
spatial mode, resulting in up to 700 mW
which can be sent to a bowtie cavity for
power build-up. The frequency conversion is
performed using a periodically-poled potas-
sium titanyl phosphate (PPKTP) crystal,
chosen due to its high non-linearity and
transparency at both 940 and 470 nm. The
PPKTP crystal (Raicol Crystal Ltd.) has
a 5.95 µm poling period and is tempera-
ture stabilized close to 21◦C for quasi-phase
matching (QPM).
The design of the cavity’s geometry is opti-
mized to achieve high conversion efficiency
while minimizing the dependence of the
second-harmonic output power on the short
arm optical length (M3-M4) [11]. QPM is in-
trinsically free of walk-off (the Poynting and
propagation vectors of the second-harmonic
field are parallel), so a value for the Boyd-
Kleinmann focusing parameter of ξ = 2.84
should yield the maximum conversion ef-
ficiency [15]. This parameter is defined as
ξ ≡ lc/b, with lc the crystal length and
b = 2pinωw
2/λ the confocal parameter of
the laser beam. Here nω is the refractive in-
dex of the crystal sampled by the input light
(of wavelength λ) and w the waist size of the
beam in the crystal. Based on previous ob-
servations of thermal lensing effects in a sim-
ilar system operated at 922 nm by Le-Targat
et al. [16], we designed the cavity for a larger
waist of w = 50 µm (ξ = 0.98) to reduce the
intensity of the generated blue light inside
the crystal. The curved mirrors introduce
astigmatism to the beam, which we mini-
mize by using a small opening angle α ≈ 11◦
(see figure 2), limited by geometric con-
straints imposed by the mirror-mounts. The
transmission of the input coupling mirror
M1 was chosen to be T1 = 14.5 % in order to
account for the expected cavity losses, and
thus achieve an optimal impedance match-
ing to the cavity for a predicted input power
of P940 = 600 mW. More details of the cav-
ity design are given in table 1.
The length of the cavity is locked to the
pump laser using the Pound-Drever-Hall
(PDH) technique [17]. The 940 nm diode is
phase-modulated at 15.6 MHz via a bias-tee
input to the diode current. The light re-
All-solid-state continuous-wave laser systems for beryllium ions 3
Table 1 Details of the cavities for SHG of 470 and 235 nm light. All mirror coatings were provided
by Layertec GmbH. wh,v are the horizontal and vertical beam waists.
940→470 nm 470→235 nm
Crystal Material PPKTP BBO
Phase-matching QPM (type I) CPM (type I)
Dimensions 1× 2× 30 mm3 4× 4× 10 mm3
Phase-matching angles θ/ϕ 90/0◦ 58.15/0◦
Surfaces AR coated @ 940 nm Brewster-cut (59.25◦)
Temperature stabilization 0.1◦C (@ 21◦C) Not stabilized
Mirrors Radius of curvature M3 & M4 100 mm 38 mm
Reflectivity M1 85.5 % 99.0 %
Coating M2-M4 Sputter Ion-beam sputter
Cavity Long arm length 399 mm 320 mm
Crystal-mirror distance 50 mm 18 mm
Full opening angle (α) 11.0◦ 33.8◦
Mean waist short/long arm 50/212 µm 18/145 µm
Elipticity short/long arm (wh/wv) 0.99/0.96 1.53/1.00
Full spectral range (FSR) 560 MHz 805 MHz
Linewidth 43 MHz 2.7 MHz
Finesse (F) 13 300
Error	  PDH	  Locking	  
Electronics	   Piezo	  driver	  
CW	  Diode	  laser	  (940	  nm)	  
Max	  power:	  1.4	  W	  
QWP	  
HWP	  
HWP	  
HWP	  
PBS	  
SM	  fiber	  
470	  nm	  PM	  fiber	  
1st	  SHG	  stage	  
M1	   M2	  on	  piezo	  
M3	   M4	  
PD	  
ModulaOon	  
L	  
L	  
PPKTP	  
470	  nm	  
940	  nm	  
α
Fig. 2 First SHG stage: 940 to 470 nm. Notation: L, lens; QWP, quarter-wave plate; HWP, half-wave
plate; Mi, cavity mirrors; PBS, polarizing beam-splitter; PD, photodiode; SM fiber, single-mode fiber;
PM fiber, polarization-maintaining fiber; α, full-opening angle. Also shown are the locking electronics.
For details, see text.
flected from the cavity is collected by a fast
photodiode and the signal is demodulated
and filtered. The error signal thereby pro-
duced is used to feed back on the piezoelec-
tric stack to which M2 is glued.
The results for this first stage of frequency
doubling are shown in figure 3, includ-
ing both the second-harmonic output power
P470 and the ratio η470 = P470/P940 as a
function of the input power P940. The solid
line results from the theoretical calculation
using the theory given by Le-Targat et al.
[16], which generalized the seminal work of
Boyd and Kleinmann [15] to a situation in-
cluding an optical cavity [18]. Our calcula-
tions use the cavity parameters and the crys-
tal properties provided by the manufacturer.
These are displayed in tables 1 and 2. The
theory is summarized in the appendix.
It is worth noting that, as was observed
previously in a similar system operated at
466 nm [16], the output power is limited by
4 H.-Y. Lo, J. Alonso et al.
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Fig. 3 Measured net power at 470 nm (triangles,
referred to the right axis) and the power ratio
of the 940→470 nm doubling cavity (circles, re-
ferred to the left axis) as a function of the pump
power. The solid line corresponds to the theo-
retical prediction of η470 based on eq. 7 in the
appendix. To the right of the vertical line the
cavity becomes unstable (see text).
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Fig. 4 Second SHG stage: 470 to 235 nm. Labels
are as in figure 2. For details, see text.
thermal lensing induced by absorption of the
470 nm light in the crystal. Our cavity be-
comes unstable for P470 > 400 mW. For sta-
ble operation, we set P940 ≈ 500 mW and
obtain P470 ≈ 350 mW (η470 ≈ 70 %).
2.2 Second SHG stage: 470 to 235 nm
The 470 nm light generated in the first
SHG stage is sent through a 30 m long
polarization-maintaining (PM) fiber (OZ
Optics) to a neighboring laboratory. The
output mode of the fiber is matched to the
spatial mode of the second bowtie cavity
with a two-lens telescope, and the polar-
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Fig. 5 Measured net power at 235 nm (triangles,
referred to the right axis) and the power ratio
of the 470→235 nm doubling cavity (circles, re-
ferred to the left axis) versus the pump power at
470 nm. The solid line corresponds to the theo-
retical prediction of η235 based on eq. 7 in the
appendix.
ization is cleaned using a polarizing beam-
splitter (PBS) cube (see figure 4). Input-
coupling losses and absorption in the fiber
result in a maximum value of ≈ 140 mW of
light incident on the 470→235 nm cavity.
For this SHG stage we use a BBO crys-
tal (Castech Inc.) Brewster-cut for 470 nm
which achieves critical type-I phase match-
ing (CPM) at an angle of 58.15◦. This cavity
was also designed to optimize the conversion
efficiency of the frequency doubling while
being insensitive to changes in the positions
of the focusing mirrors M3 & M4 [11]. By
contrast with the first frequency-doubling
stage, the use of angle phase-matching in-
trinsically results in walk-off which limits
the length of the conversion region of the
crystal. The optimized cavity parameters
are given in table 1. The length of the cavity
is also stabilized using the PDH method in
order to keep it on resonance with the pump
laser. Since the modulation frequency ap-
plied to the diode laser (15.6 MHz) is com-
parable to the linewidth of the 940→470 nm
cavity, the 470 nm light also exhibits mod-
ulation sidebands at 15.6 MHz and can be
directly used for the PDH locking scheme.
Figure 5 shows the UV output power P235
along with the power ratio η235 = P235/P470
as a function of the input power P470. Note
that we define P235 and η235 in terms of the
net second-harmonic power at the output of
the cavity. With P470 ≈ 140 mW, we obtain
P235 ≈ 28 mW (η235 ≈ 20 %). Considering
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the 22 % reflection at the output surface of
the Brewster-cut BBO crystal, the total UV
light generated is ≈ 36 mW. The theoreti-
cal curve is calculated using the values given
in table 2, yielding Γeff ≈ 1.6× 10−4 W−1.
The level of agreement between the mea-
sured values of η235 and those predicted by
the theory is reasonable given the assump-
tions made in the theory, which include per-
fect phase-matching of a circular beam and
no absorption in the crystal (see table 2).
The counter-propagating fundamental mode
of a bowtie cavity can be excited by any
back-reflecting element in the cavity, which
can lead to considerable back-circulating
power if the finesse F of the cavity is high
[19]. In the 470→235 nm cavity, we observe
that light is emitted along a direction which
is consistent with this effect. This leads to
a reduction in η235 and an unstable output
power. The back-circulation could likely be
eliminated by reducing the reflectivity of M1
if required [19]. Since photoionization does
not require high stability or high power, we
have currently chosen not to pursue this.
The power we achieve is comparable to the
average power of the pulsed laser used in
[10], and considerably higher than values
which have been previously used to per-
form photoionization of other atomic species
[13, 14]. The 1S0 ↔1P1 transition of neutral
beryllium atoms has a saturation intensity
of 8.9 mW/mm2, corresponding to 70 µW
for a beam waist of 50 µm.
3 Laser sources at 313 nm
Quantum control experiments using beryl-
lium ions require near resonant light for
Doppler cooling and optical pumping and,
in our case, a far-detuned Raman laser
for coherent manipulations [20]. As shown
in figure 1 (right), the wavelengths of the
2S1/2 ↔2P3/2 and 2S1/2 ↔2P1/2 transi-
tions are at 313.133 nm and 313.197 nm,
respectively. These transitions have satura-
tion intensities of 0.8 mW/mm2 [21], cor-
responding to 6 µW for a beam waist of
50 µm. We have chosen to operate our Ra-
man laser system at a wavelength between
313.221 and 313.322 nm, detuned to the red
of the 2P1/2 manifold by between −380 and
−70 GHz. Small detunings allow for lower
power for a given Raman transition rate, but
lead to more spontaneous scattering of pho-
tons which will induce errors in the quan-
tum state manipulation. Therefore, for high-
fidelity control of a quantum system, a large
detuning from the excited state is preferable
[22]. The laser systems to generate all three
wavelengths are shown schematically in fig-
ure 6.
3.1 SFG stage: infrared to 626 nm
To produce the three UV wavelengths we
require, we start from four fiber lasers
(NP Photonics) at 1550.65 nm, 1050.56 nm,
1551.44 nm and 1050.98 nm which can be
thermally tuned over a range of 80 GHz
and fine-tuned over ±150 MHz by means
of an internal piezoelectric element. The
laser outputs (PM fibers) are terminated
with an integrated beam-collimation sys-
tem, producing beams of diameters between
3 and 4 mm. The sum-frequency genera-
tion (SFG) is performed using magnesium-
oxide-doped periodically-poled lithium nio-
bate (MgO:PPLN) crystals (Covesion Ltd.).
Each crystal contains three different poling
periods of around 11.5 µm on strips 1 mm
wide which run down the length of the
4 cm long crystal. The PPLN crystals are
maintained at a constant operating temper-
ature in order to achieve the phase-matching
condition for maximizing the conversion ef-
ficiency. In our case, we obtain maximal
626 nm output power for temperatures close
to 180◦C, stabilized to within ±0.01◦C. In
order to access the highest non-linear coeffi-
cient of the crystal, the polarization axis of
the light is parallel to the thickness of the
crystal.
The 1050.56 nm light is shared between the
cooling and repumping setups (figure 6).
The power ratio can be tuned by rotating
the half-wave plate in front of the PBS. The
same mechanism applies for the 1551.44 nm
laser, which is split between the repump-
ing and Raman setups. In all three setups,
two of the fiber-laser outputs (pump beams)
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Fig. 6 Setup for generating three wavelengths at 313 nm for Doppler cooling, optical pumping and
coherent manipulations of beryllium ions. Notation: DBS, dichroic beam-splitter; EOM, electro-optic
modulator; PC fiber, photonic-crystal fiber; the rest are as in figure 2. The locking electronics and
focusing lenses are not shown. The wavelengths indicated for the Raman setup are approximately in
the middle of the range of operation. For details, see text.
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Fig. 7 Net power of 626 nm light measured at
the output as a function of the product of pump
powers (triangles, referred to the right axis).
Also shown (circles, referred to the left axis) is
the sum-frequency-generation efficiency per unit
length of the crystal.
are overlapped using a dichroic element after
passing through independent beam-shaping
telescopes (not shown in the figure) that
focus the beam to an optimal waist in-
side the crystal. The beam waist that max-
imizes the conversion efficiency was experi-
mentally found to be 58± 5 µm at the cen-
ter of the crystal. This is larger than the
40 µm predicted from the Boyd-Kleinmann
theory. A possible explanation for this dif-
ference could be phase mismatch or im-
perfect spatial-mode overlap arising from
absorption-induced heating in the crystal
[23].
All SFG setups exhibit similar performance.
For the Raman light (SFG of the 1050.98 nm
and 1551.44 nm) the output power for differ-
ent products of the pump powers is plotted
in figure 7. We have generated up to 7.2 W
of red light at 626.54 nm using pump pow-
ers of 8.5 W at 1050.98 nm and 8.3 W at
1551.44 nm. Also shown is the conversion ef-
ficiency per unit length
ΓSFG =
P626
P1051P1551lc
, (1)
which characterizes the performance of the
non-linear crystal. We find a maximum
value of ΓSFG ≈ 3.5 % W−1cm−1, which is
reduced to≈ 2.5 % W−1cm−1 at the highest
output power, possibly due to absorption-
induced heating in the crystal. To test
whether these effects are more prominent in
the IR or the visible light, we measured ΓSFG
for different combinations of pump powers
with a constant product P1050.98 × P1551.44,
which would be expected to produce the
same amount of red light. The results (see
figure 8) show that the conversion efficiency
is lowest when P1551.44 > P1050.98. The
Pearson correlation coefficients Rλ between
ΓSFG and the pump powers are R1050.98 ≈
−0.5 and R1551.44 ≈ −0.9, indicating that
the absorption of the 1551.44 nm light con-
tributes most to thermal effects.
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The data points were taken along these curves.
At an output power of ≈ 7 W the drift was
observed to be below 0.2 % per hour over 10
hours of operation. After running this sys-
tem for more than a year at a variety of in-
put and output powers, we have seen little
change in the conversion efficiency, and no
realignment of the optical components has
been required.
Since the detection and repumping beams
must provide light resonant with the
2S1/2 ↔2P3/2 and 2S1/2 ↔2P1/2 transi-
tions, the absolute frequencies of these lasers
must be actively stabilized. The transition
linewidths are γ/2pi ≈ 19.4 MHz, so we aim
for frequency stability on the level of a mega-
hertz. To that end, a small portion of the
626 nm light is picked off and sent through
an optical fiber to a Doppler-free saturated-
absorption-spectroscopy setup with an io-
dine cell [24, 25]. In this way the light can
be locked to one of the molecular hyperfine
features of the iodine vapor. Feedback con-
trol of the laser frequency is performed us-
ing the piezoelectric element in one of the
fiber lasers. In the Raman setup, the stabil-
ity of the absolute frequency is not as critical
due to the large detuning from resonance,
and the natural stability of the fiber lasers
(which we have measured to drift by less
than 60 MHz over a day) is sufficient for our
purposes.
3.2 SHG stage: 626 to 313 nm
The beams from the SFG setups are cou-
pled into high-power SM fibers and sent
to frequency doubling cavities for conver-
sion to 313 nm. The coupling efficiency is
≈ 90 % in the repumping and cooling se-
tups (5 m long SM fibers from OZ Optics),
owing to the high quality of the Gaussian
modes produced by the fiber lasers, which is
transferred to the 626 nm light. The power
transmitted through the fibers saturates at
≈ 2 W due to stimulated Brillouin scatter-
ing [26]. In order to avoid this problem in the
Raman setup, where we require higher pow-
ers, we use a photonic-crystal fiber (NKT
Photonics). The limitation is in this case the
coupling efficiency into the fiber, which is
≈ 60 %.
SHG from 626 to 313 nm is performed in all
three cases using a BBO crystal Brewster-
cut for 626 nm with a phase-matching an-
gle of 38.35◦. The crystals are placed in
bowtie cavities (FSR ≈ 845 MHz and F ≈
275) for pump-power enhancement. The
beam waists in the BBO crystals are 36.7
(23.6) µm for the horizontal (vertical) direc-
tion. The design and properties of the dou-
bling cavities are very similar to those re-
ported by [11] except that we use a Pound-
Drever-Hall rather than Ha¨nsch-Coullioud
scheme to stabilize the cavity length. In or-
der to generate the required modulation for
the PDH stabilization, we pass the 626 nm
beams through electro-optic phase modula-
tors (Qubig) placed directly after the PPLN
crystals and driven at frequencies closed to
125 MHz. All of the SHG conversion setups
are similar, so below we give explicit details
for the Raman setup, for which we work with
the highest powers.
Figure 9 shows the 313 nm output power
P313 and the power ratio η313 = P313/P626
as a function of the power P626 coupled
into the Raman doubling cavity. As before,
P313 and η313 are defined in terms of the
net second-harmonic power delivered by the
system. The maximum output power ob-
tained is ≈ 1.95 W, with P626 ≈ 3.8 W
(η313 ≈ 52 %). Including the 20 % reflection
at the output facet of the Brewster-cut BBO
crystal, overall ≈ 2.4 W at 313 nm are pro-
8 H.-Y. Lo, J. Alonso et al.
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Fig. 9 Measured net power at 313 nm (triangles,
referred to the right axis) and the power ratio of
the 626→313 nm Raman doubling cavity (circles,
referred to the left axis) versus the input power
at 626 nm. The solid line corresponds to the the-
oretical prediction of η313 based on eq. 7 in the
appendix.
Fig. 10 Trapped ion crystal with three
9Be+ ions fluorescing at 313 nm.
duced. The parameters for the theoretical
calculation of equation 7 are given in table
2.
In order to characterize the long-term per-
formance of the UV light production, we
have monitored the stability of the 313 nm
power. For these tests, output powers up to
P313 ≈ 1 W (P626 ≈ 2.2 W) were used. Ob-
served drifts were below 0.5 % per hour dur-
ing 8 hours of continuous operation.
4 Ion loading
To demonstrate the combined use of our
photoionization and cooling laser systems,
we load beryllium ions into a micro-
fabricated segmented trap designed for both
40Ca+ and 9Be+ ions (details of the trap
will be given elsewhere). As a source for
9Be+ production we make use of a beryl-
lium wire tightly coiled around a tung-
sten wire. The tungsten is heated by run-
ning an electrical current through it, which
in turn heats the beryllium up [10]. Neu-
tral atoms are desorbed in this way, and
then collimated to travel through the trap-
ping area envisioned for loading. There the
neutral atom beam is shone simultaneously
with 235 nm light (for resonant ionization)
and two right-circularly polarized 313 nm
beams. The first one is slightly red-detuned
by ≈ 10 MHz from the 2S1/2 ↔2P3/2 ion
transition for Doppler cooling. The second
is driven at higher power and is red-detuned
by ≈ 600 MHz for efficient cooling during
the loading process (when ions are most en-
ergetic) as well as repumping. The trapped
ions are monitored throughout the process
by means of a CCD-camera with which we
image 9Be+ fluorescence at 313 nm (figure
10). We typically load an ion after less than
a minute.
5 Conclusions
We have constructed and characterized all-
solid-state continuous-wave laser systems for
photoionization loading, cooling and quan-
tum state manipulation of beryllium ions.
The wavelength required for photoionization
of neutral beryllium atoms (235 nm) is cre-
ated by two stages of second-harmonic gen-
eration (SHG) using PPKTP and BBO non-
linear crystals placed inside resonant cav-
ities. In the first stage, we have demon-
strated stable generation of 400 mW at
470 nm starting from 560 mW at 940 nm.
In the second stage, with 140 mW input to
the cavity, an output power of 28 mW at
235 nm is obtained. For quantum control of
beryllium ions, three laser wavelengths at
313 nm are produced by sum-frequency gen-
eration and subsequent SHG, starting from
four infrared fiber lasers. Up to 7.2 W at
626 nm have been generated from 8.5 W at
1051 nm and 8.3 W at 1551 nm. The red
light is then frequency-doubled in bowtie
cavities using BBO crystals. With an inci-
dent power of 3.8 W, we obtain 1.9 W of UV
light at 313 nm. We have tested these sys-
tems by successfully loading 9Be+ ions in a
Paul trap.
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The quantum information experiments we
envisage will probably benefit largely from
these new systems. Photoionization of 9Be
atoms with the 235 nm light should be more
efficient than ionization with an electron
gun. Although a CW laser of such short
wavelength can easily lead to electrically
charging the trap electrodes, we find that
we can load 9Be+ ions reliably in the trap
after careful shaping and positioning of the
beam. On the other hand, the power de-
livered by the 313 nm systems will help in
the long-term goal of fault-tolerant quantum
computation using stimulated Raman tran-
sitions, since the difficulties derived from
the trade-off between spontaneous scatter-
ing and quantum-gate speed can be over-
come with high-intensity laser beams.
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A Second-harmonic-generation
efficiency
Here we give the expressions used for the
theoretical calculation of the second-harmonic-
generation efficiencies plotted in figures 3, 5 and
9. The values for the relevant parameters are
given in table 2.
We start from the original equations from Boyd
and Kleinman [15] and rearrange them to formu-
late the conversion efficiency (in SI units [27]) as
Γeff =
P2ω
P2ω
=
16pi2d2eff
λ30cnωn2ω
lce
−
(
βω+
β2ω
2
)
lc ×
h(b, lc, βω , β2ω , σ, B). (2)
Here, P2ω is the SHG power and Pω the power in
the fundamental wavelength at the crystal (the
circulating power if a cavity is used); deff is an
effective non-linear coefficient in units of m · V−1
(related but not identical to parameter d in [15]);
0 and c are the vacuum permittivity and speed
of light, respectively; λ is the pump wavelength,
lc the crystal length, βω (β2ω) the absorption co-
efficient of the fundamental (second harmonic)
light in the crystal, and nω (n2ω) the refractive
index of the crystal sampled by the light in the
fundamental (second harmonic) wavelength.
h is a dimensionless function which depends
on lc, βω, β2ω, the confocal parameter b =
2pinωw2/λ (where w is the waist radius of
the pump beam, assumed to be at the cen-
ter of the crystal), the wavevector mismatch
σ (scaled by b) and the walk-off parameter
B = ρ(θ, λ)
√
pilcnω/(2λ) where θ is the phase-
matching angle and
ρ(θ, λ) = arctan
 1−
(
no,2ω
ne,2ω
)2
cot θ +
(
no,2ω
ne,2ω
)2
tan θ
 . (3)
no,2ω (ne,2ω) is the refractive index for the
second-harmonic light along the ordinary (ex-
traordinary) crystal axis.
The explicit expression for h is,
h =
1
4ξ
∫ ξ
−ξ
dτ ′
∫ ξ
−ξ
dτ
1
(1 + iτ)(1− iτ ′) ×
exp
{
− b
2
(
βω − β2ω
2
)
(τ + τ ′) +
iσ(τ − τ ′)− B
2
ξ
(τ − τ ′)2
}
, (4)
with ξ = lc/b.
In a cavity the relation between the circulat-
ing power Pω and the fundamental power Pω,0
pumped into it is given by [16]
Pω
Pω,0
=
T1(
1−
√
(1− T1)(1− )(1− (Γeff + Γabs)Pω)
)2 ,(5)
where T1 is the transmission of the in-coupling
mirror,  the round-trip loss in the cavity (ex-
cluding frequency conversion) and Γabs the ab-
sorption efficiency of the frequency-doubled light.
If this absorption takes place only in the crystal
and we consider the limit that frequency conver-
sion occurs exclusively in its center, we can make
the approximation
Γabs ≈ Γeff
(
eβ2ωlc/2 − 1
)
. (6)
The power ratio given in figures 3, 5 and 9 is
the ratio between the net power of the second-
harmonic light at the output of the doubling cav-
ity P2ω,out and the fundamental power at the
cavity input:
ηλ ≡
P2ω,out
Pω,0
=
P2ω(1−R2ω)
Pω,0
=
P2ωΓeff(1−R2ω)
Pω,0
,(7)
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where R2ω is the reflection of the second-
harmonic light at the output surface of the crys-
tal. For the case of QPM in PPKTP and PPLN
the second-harmonic light propagates perpendic-
ularly to the surface, so there is no reflection.
However, in the 470→235 nm and 626→313 nm
cavities, the incidence is not normal to the
(Brewster-cut) surface and the polarization of
the second-harmonic light is along the vertical
direction, so R2ω > 0 and not all the power gen-
erated in the doubled frequency is available at
the cavity output. Equation 7 can be solved with
the expressions above given the cavity-related pa-
rameters T1,  and w; the crystal parameters lc,
deff, nω,2ω, βω,2ω and R2ω; the phase-matching
parameters σ and θ; and the properties of the
light matched into the cavity, λ and Pω,0.
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